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Salmonids are a socioeconomically and ecologically important group of fish that are
often managed by stocking. Little is known about potential sex-specific effects of
stocking, but recent studies found that the sexes differ in their stress tolerances already
at late embryonic stage, i.e., before hatchery-born larvae are released into the wild
and long before morphological gonad formation. It has also been speculated that
sex-specific life histories can affect juvenile growth and mortality, and that a resulting
sex-biassed demography can reduce population growth. Here we test whether juvenile
brown trout (Salmo trutta) show sex-specific life histories and whether such sex effects
differ in hatchery- and wild-born fish. We modified a genetic sexing protocol to reduce
false assignment rates and used it to study the timing of sex differentiation in a laboratory
setting, and in a large-scale field experiment to study growth and mortality of hatchery-
and wild-born fish in different environments. We found no sex-specific mortality in
any of the environments we studied. However, females started sex differentiation
earlier than males, and while growth rates were similar in the laboratory, they differed
significantly in the field depending on location and origin of fish. Overall, hatchery-born
males grew larger than hatchery-born females while wild-born fish showed the reverse
pattern. Whether males or females grew larger was location-specific. We conclude that
juvenile brown trout show sex-specific growth that is affected by stocking and by other
environmental factors that remain to be identified.

Keywords: sex, life history, genetic sexing, Salmo trutta, growth, survival, stock-enhancement, anthropogenic
effects

INTRODUCTION

Intersexual differences in life history strategies exist across diverse unrelated taxa (Brooks
and Garratt, 2017; Li and Kokko, 2019) and can affect population dynamics and extinction
risks (Hendry et al., 2018; Cally et al., 2019). Despite this, intersexual differences in early life
history strategies receive little attention when studying the fitness of individuals and/or assessing
population viability (Tarka et al., 2018). Stock enhancement practices primarily focus on the release
of early life stages but sex effects are only rarely considered [but see for example Huertas and Cerdà
(2006), Lenz et al. (2007), and Svobodová et al. (2020)]. Sex-specific early life history strategies, and
their relationship with stock enhancement practices, may thus be a hidden driver of population
dynamics and need to be studied in more detail.
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Sex can affect physiology (Grilo et al., 2018; Millington
and Rideout, 2018; Selmoni et al., 2019), development (Maitre
et al., 2017; Gurley et al., 2018) and behaviour (Magurran and
Garcia, 2000; Klemetsen et al., 2003; Pearse et al., 2019) well
before gonad formation (Tsai et al., 2009; Mousavi et al., 2021).
Divergent selection pressures may thus act on the sexes even
at early developmental stages (Bolund et al., 2013; Schroeder
et al., 2013; Forsman, 2018) leading to the development of
distinct life history strategies and sometimes even sex-specific
mortality (Badyaev et al., 2002; Wiklund et al., 2003; Husby
et al., 2006; but see Dietrich et al., 2003; Altwegg et al., 2007).
Consequently, operational sex ratios within populations can be
biassed, and this can affect population dynamics and extinction
risks through a reduced effective population size (Donald, 2007;
Geffroy and Wedekind, 2020), behavioural changes (Eberhart-
Phillips et al., 2018) and altering the direction of evolution
(Forsman, 2018; Gomes et al., 2018). While sex-specific effects
can be profound, they are generally understudied in ecology,
evolution and conservation biology (e.g., Einum and Fleming,
2001; Nislow and Armstrong, 2012; Skov et al., 2012; Tsuboi et al.,
2013; Louison and Stelzer, 2016; Wilkins and Marsden, 2021).

Salmonid species exhibit diverse life-history strategies and
thus form excellent models to study the importance and
consequences of sex-specific life history strategies at early
developmental stages (Birnie-Gauvin et al., 2021). Sex differences
have been reported for growth (Yamamoto, 2004; Maitre et al.,
2017), aggression (Rgen et al., 2001), migration strategies (Kelson
et al., 2019; Nevoux et al., 2019; Eldøy et al., 2021) and
size- and age-at-maturation (Young, 2005; McKinney et al.,
2020; Mobley et al., 2021; Tréhin et al., 2021). During the
embryonic phase, male lake char (Salvelinus umbla) were found
to hatch earlier and be less susceptible to environmental stressors
(Nusbaumer et al., 2021). In contrast, sex did not seem to
influence emergence time, or morphological and physiological
traits in newly emerged brown trout (Salmo trutta) (Régnier
et al., 2015). However, male-specific mortality has been reported
in the first month of development of brown trout leading to
female-biassed sex ratios (Morán et al., 2016). Growth during
the juvenile phase has been reported to be higher for males in
masu salmon (Oncorhynchus masou) (Yamamoto, 2004), chinook
salmon (Oncorhynchus tshawytscha) (Mizzau et al., 2013) and
European grayling (Thymallus thymallus) (Maitre et al., 2017).
The latter study showed that differences in growth rates in
grayling can be attributed to a differential resource allocation
between sexes. That is, gonadal differentiation is delayed in males
which instead invest more in growth (Maitre et al., 2017). These
intersexual differences could be large enough to cause female-
biassed juvenile mortality and hence male-biassed adult sex ratios
(Wedekind et al., 2013). Differences in sexual differentiation have
also been reported for sea migrating brown trout but no sex-
specific differences were recorded for growth (Dziewulska and
Domagala, 2004). While sex-specific early life history strategies
may be common in salmonids, they remain understudied which
may partly be because of the challenges involved in sexing
early life stages.

In Salmoninae and Thymallinae (two salmonid subfamilies),
sex has been shown to be under the control of a conserved

master sex-determining gene (i.e., sdY) (Yano et al., 2012, 2013).
This allowed for the development of genetic sexing methods.
Initially a simple PCR-based presence-absence test was proposed
(Yano et al., 2013) which was later modified to a multiplex
PCR allowing for high-throughput genetic sexing and genotyping
(Quéméré et al., 2014). However, the use of a presence-absence
of the sdY gene appears to be prone to false positive male
identifications with the percentage of females misidentified as
males ranging from 1 to 71% (Ueda et al., 2021). Various reasons
for such misidentifications have been proposed (Ayllon et al.,
2020). Firstly, mislabelling errors or low levels of between sample
cross-contamination could result in a positive detection of the
sdY gene in females. Second, discrepancies between genetic and
phenotypic sex can arise due to the genetic silencing of the
sdY gene (e.g., Yano et al., 2014) or environmentally driven sex
reversal (e.g., Magerhans et al., 2009; Weber et al., 2020). Finally,
non-functional copies of the sdY gene may be present in female
salmonids and lead to the observation of high error rates in the
genetic identification of phenotypic females (Ayllon et al., 2020;
Bertho et al., 2021). While genetic sexing of early life stages of
salmonid species is now feasible, improvements to genetic sexing
methods are still needed to reduce misidentifications.

Brown trout are a keystone species within their natural
range, have been translocated across the globe (Halverson, 2008;
Hunt and Jones, 2018; Hasegawa, 2020), and have great socio-
economical value (Elliott, 1989; Liu et al., 2019). Because of their
value and often high exploitation rates, restocking and stock-
enhancement are a common management practice for brown
trout populations (Aas et al., 2018; Cucherousset et al., 2021).
A large body of literature is thus available focussing on the
effectiveness of these management practises (Pinter et al., 2018;
Dieterman et al., 2020), the intraspecific competition between
wild- and hatchery-born individuals (Einum and Fleming, 2001;
Araki et al., 2008) and the overall population-level consequences
(Meier et al., 2011; Leitwein et al., 2018; Klütsch et al., 2019).
However, to the best of our knowledge, sex-specific effects have
not been considered yet when evaluating the demographic and
genetic consequences of restocking and stock-enhancement in
this or any other salmonid fish.

Here we combine a large-scale field experiment with a
controlled rearing of males and females under laboratory
conditions to test for sex-specific growth and survival under
various ecological conditions. The laboratory population also
enabled continuous sampling for histological analyses to study
possible sex differences in the timing of sex differentiation. The
field experiment allows us to test whether sex-specific effects
on growth and survival differ for hatchery- and wild-born fish
that occupy the same habitat, and whether such differences are
habitat specific.

MATERIALS AND METHODS

Study Populations
We focus here on different brown trout populations within
the Aare catchment between Lake Thun and the city of Bern
(Switzerland) (Figure 1). Within the study system, multiple
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FIGURE 1 | Overview of the study area with the key stream locations used in the current study. Areas highlighted in yellow were the source populations of mature
fish used for experimental breeding. Orange, red, and green colours represent stream locations stocked with hatchery-born fish and sampled for the field-based
study. The ecology type of each of the latter stream locations is given in the table.

genetically and phenotypically different brown trout populations
occupy the different tributaries (Stelkens et al., 2012). Individuals
used in this study are either wild-caught or originate from the
yearly stock-enhancement programmes (F1 fish) conducted only
by the Fishery Inspectorate of the Bern canton (continuously for
more than 25 years). Stocking fish without their consent would
be illegal and is unlikely in the study area, especially in the case of
0+ brown trout.

Laboratory Study
For the laboratory study, breeding adults were collected around
the beginning of the spawning season from the river Kiese
through backpack electrofishing and kept in a hatchery (i.e.,
Fischereistützpunkt in Reutigen) until ovulation allowed the
stripping of eggs. On the 28th November and 4th December
2018, 15 males and 20 females were haphazardly selected for
block-wise full-factorial breeding. On the respective dates, one
8 × 10 breeding block (number of females crossed with number
of males) and one 7× 10 block were created. Adult breeders were
narcoticized using Tricaine Methanesulfonate (i.e., 0.075 g/L
buffered with 0.15 g/L NaHCO3), stripped for gametes for full-
factorial breeding, photographed, measured (i.e., standard length
and wet weight) and fin clips were collected and stored in 70%
ethanol. Fertilised eggs were held in the hatchery using typical
hatchery-rearing methods while adult fish were released in their
stream of origin after breeding. Post-hatching, fish were kept in
a common environment in the hatchery in large tanks with a

circulating water current, with a water temperature of 9◦C, and
fed ad libitum with size-appropriate commercial dry fish food.
The peak of hatching occurred on 17th February 2019 (i.e., ca.
77 days post-fertilisation). Further reports of fish age are based
on this hatching date.

A sample of 816 hatchery-raised fish were moved to the
laboratory at the University of Lausanne at 190 days post-
hatching to study the effects of sympatric diclofenac pollution
and proliferative kidney disease infection (Palejowski et al., in
preparation). They were randomly divided into 12 groups, with
each group containing 68 fish in a 120 L aquaria filled with tap
water. Each aquarium was constantly pump-filtered, the water
was aerated, a water current was applied, and to reduce stress to
the fish a structure was provided to hide under and the front of
the aquarium was obscured by an opaque cover. Aquaria were
kept in a temperature-controlled room with a 12:12 light-dark
cycle at a water temperature of 9◦C for 3 weeks to allow the fish
to acclimatise to the laboratory environment. The temperature
was then gradually raised from 9◦C to a final mean of 14.6◦C
(SD = 0.49◦C). Water was changed daily for the first 35 days in
the laboratory and every weekday from then on, changing 15 L for
the first 70 days then 40 L per change for the following 55 days.
Fish were fed ad libitum with size-appropriate commercial dry
fish food and water quality was monitored weekly using JBL Pro
Scan R© tests (JBL GmbH, Germany) and JBL Denitrol R© was added
to correct excessive nitrate levels if necessary. As population
density is known to affect salmonid health, and differences in
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densities may therefore result in differences in development
strategy (Pickering and Pottinger, 1987; Mazur and Iwama, 1993)
the number of fish was equalised between aquaria once a week if
mortality occurred. Population densities were reduced to the level
of the least dense aquaria. This was done by dividing the aquaria
into a top-down two-dimensional grid, choosing a grid square
using a random number generator and removing and euthanising
the nearest individual.

The timing of sexual differentiation was studied by monthly
sampling of 24 fish from 129 days post-hatching onward for a
period of 5 months (Table 1). During each of timespoints 1–
3, 24 fish were haphazardly taken from the fish that had been
left at Fischereistützpunkt Reutigen, while all later samples were
taken from the laboratory population (all originating from the
same breeding experiment). For sampling timespoints 4 and 5,
2 fish were randomly selected from each of the 12 aquaria and
euthanised. Fish were euthanised with an overdose of KoiMed R©

Sleep (KOI&BONAI, Bühlertann, Germany) at a concentration
of 0.7 ml/L. For all fish in all timespoints, total length and
weight measures were taken and fin clips were stored in 70%
ethanol at −20◦C for genetic sexing. The heads (caudal of the
operculum) and tails (rostral of the anus) were removed, and
the remainder of the bodies were immersed in histological tissue
fixative (Hartmann’s Fixative, H0290, Sigma-Aldrich, Germany)
for 2 weeks to be used for phenotypical sexing and analysis
of sexual differentiation. Fixative solution was changed after
1 week for better bone decalcification. After immersion for
2 weeks in histological tissue fixative the bodies were embedded
in cassettes and dehydrated using a LEICA TP1020 Tissue
Processor (LEICA, Tempe, AZ, United States). After 48 h of
dehydration, the tissues were cast in paraffin wax (Histoplast
P, Serva, Heidelberg, Germany) with a paraffin dispenser insert
(Leica EG1150H, Leica, Tempe, AZ, United States) and cooled
to obtain solid paraffin blocks. Using a microtome, 5µm cuts
were made in a coronal plane, with a ventral to dorsal direction.
Cuts were then floated in a 35◦C water bath and collected
on glass slides (Thermo ScientificTM SuperFrost PlusTM). The
sections were deparaffinised, using a xylene substitute (X-
tra-solv, Medite, Burgdorf, Germany) dehydrated and stained
with Mayer’s haematoxylin and eosin in a two-stage procedure
according to standard HE-staining protocols (Aescht et al., 2010).
Sections were then covered by applying drops of glue (X-tra-
Kit, Medite, Burgdorf, Germany) followed by a cover glass (Sail
brandTM). An average of 12 slides per fish were made and
checked for the presence of gonads. All sections containing
gonads were analysed for the presence and developmental stage
of the gonads (Supplementary Material). Phenotypical sex was
determined by analysing cellular composition of the gonads
with fish being classified using four categories: (i) undeveloped
genetic male (only immature germ cells are present in the gonad),
(ii) phenotypically differentiated male, (iii) undeveloped genetic
female, (iv) phenotypically differentiated female (Supplementary
Material). One individual was removed before final analysis as
phenotypic and genotypic sex were inconsistent likely due to a
labelling error during histological slide preparation. To study sex-
specific growth and mortality, from timespoints 4 onward this
dataset was expanded, randomly sampling five fish per aquaria

once every 2 weeks for a total of 3 months. Fish to sample
were randomly selected via the method used to equalise aquaria
densities as described above. All fish sampled were euthanised
and fin clips were taken for genetic sexing, but histological
analyses were only performed on two of the five fish per aquaria
collected at timespoints 4 and 5. Over time, the number of aquaria
reduced due to mortality making it impossible to continuously
collect five fish per timespoints (see Supplementary Material
for full details).

Field Experiment
In autumn 2014, adult brown trout were caught and used to
further optimise genetic sexing methods and create offspring
used in the field experiment. Breeding males (♂n = 358)
and females (♀n = 493) were collected around the beginning
of the spawning season from different spawning tributaries
representing six genetically different populations (Stelkens
et al., 2012) in the context of a parallel study (Bylemans
et al., in preparation). Adult fish were caught using backpack
electrofishing and kept at the hatchery until ovulation allowed
the stripping of eggs. All adults were narcoticised when they were
ready to spawn and gametes were stripped for block-wise full-
factorial in vitro fertilisations (Marques da Cunha et al., 2019).
Photographs were taken for all adult fish as well as measurements
(i.e., standard length and wet weight) and fin clips for molecular
analyses. Offspring of the full factorial breeding designs from
three different populations were used as the basis for the field
experiment here. Breeders from the Giesse were used to create 7
full factorial breeding blocks (i.e., three 2× 2, one 2× 3, two 5× 5
and one 6 × 6 block) producing 14,812 fertilised eggs. A total of
2,659 fertilised eggs were produced from 6 full factorial breeding
blocks with breeders from the Rotache (i.e., three 2× 2, one 3× 2
and two 5 × 5 blocks). Breeders originating from the Worble
were used in 13 full factorial breeding blocks (i.e., nine 2 × 2
and four 5 × 5 blocks) and generated a total of 13,643 fertilised
eggs. Breeding was done on Nov 19th and 26th 2014 (Giesse and
Worble) and on December 3rd 2014 (Rotache). A sample of 24
eggs per each sibgroup was taken to the laboratory for parallel
studies (Marques da Cunha et al., 2019). The remaining eggs were
incubated under standard hatchery conditions until hatching and
released into the streamlets Schwarzbach (offspring from Giesse),
Schnittlauch (offspring from Rotache) and Talbach (offspring
from Worble) (Figure 1). No other brown trout were stocked
into these streamlets in 2015. Stocking was done in early March
2015 about 17 to 18 days at 8◦C after peak hatching, i.e., at the
developmental stage that corresponds to the stage at emergence
from gravel (yolk sacs are not fully used up yet and the larvae
start to take up food items).

Between August 2015 and January 2016, juvenile fish were
sampled from the three streams stocked with hatchery-born fish.
Only one stream section was sampled for Schnittlauch while a
lower and upper stream section was sampled for Schwarzbach
and Talbach (Table 1 and Figure 1). All five locations differ
in ecology and anthropogenic pressures (Figure 1). Backpack
electrofishing was used to sample locations and for all fish with
a body length below 18 cm. Fish were narcoticized with Tricaine
Methanesulfonate as described above, photographed on a scale
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TABLE 1 | Summary details of the fish sampled in the field-based study.

Location N stocked Date sampled N genotyped 0 + Male (%) Hatchery-born (%)

Schnittlauch 2,659 19.08.15 181 49.2 61.1

Schwarzbach lower 14,812 (in all Schwarzbach) 10.10.15 201 54.4 71.8

Schwarzbach upper 24.10.15 174 46.6 62.9

Talbach lower 13,643 (in all Talbach) 23.01.16 100 42.9 9.2

Talbach upper 30.01.16 95 50.5 15.7

to later take weight and fork length, and fin clip were stored in
70% ethanol for molecular analyses. All fish were released into the
wild after they had recovered from the narcosis. A subset of tissue
samples was randomly selected and used for further molecular
analyses (Table 1).

Molecular Analyses
Tissue samples from both the laboratory and field experiments
were used in further molecular analyses. For all samples, DNA
was extracted using the BioSprint R© 96 robot following the
manufacturer’s protocol (Qiagen GmbH, Hilden, Germany).
A total of 94 samples and two negative controls were included
in each batch extraction to assess potential cross-contamination.
DNA extracts were quantified using a HS dsDNA assay
on a Qubit R© 2.0 Fluorometer (Life Technologies, Carlsbad,
CA, United States). DNA concentrations were standardised
to 20 ng/µL where possible and samples with lower DNA
concentrations were left undiluted for further analyses.

Standardised DNA extracts were sent to Ecogenics GmbH
(Balgach, Switzerland) for microsatellite typing at 13 loci
(i.e., Brun13, Brun25, BS131, MST-15, Mst543, MST-591, Ssa-
197, Ssa-85, SSOSL438, Str12INRA, Str2INRA, Str58CNRS,
and T3-13) using in house protocols (see Supplementary
Material for full details). Amplification of microsatellite loci
was conducted in three multiplex reactions. Multiplex one and
two, each containing primers for the amplification of four
microsatellites, was performed using 2X QIAGEN R© Multi-plex
PCR Master Mix (Qiagen GmbH, Hilden, Germany). Multiplex
three included primers for the amplification of five microsatellite
loci and was amplified using 2X HotStarTaq Mastermix (Qiagen
GmbH, Hilden, Germany). Before thermal cycling, a prolonged
denaturation step (95◦C for 15 min) was included followed by
35 cycles with 94◦C for 30 s, 58◦C for 90 s, 72◦C for 60 s and a
final elongation step of 30 min at 72◦C. Fragment analyses were
performed on a 3730XL DNA Analyser (Applied Biosystems,
Foster City, CA, United States) with a GeneScan LIZ500 size
standard (Applied Biosystems) and allele calling was performed
using the GeneMarker V2.6.4 software (SoftGenetics LLC, State
College, PA, United States).

Genetic sexing of all samples was achieved through a
modification of the protocol from Quéméré et al. (2014). As
previously mentioned, presence-absence detections of the male
specific sdY gene fragment can be prone to errors. While errors
due to mislabelling, gene silencing and environmentally driven
sex reversal are challenging to detect, the potential influences
of small levels of cross contamination and the presence of
pseudogenes could be mitigated through a more quantitative

approach. In a XY sex-determination system, the abundance of
the sdY fragment in male individuals should be approximately
half that of any autosomal marker (i.e., a relative abundance of
0.5) while in females the sdY fragment should be absent (i.e.,
a relative abundance of 0). Small levels of cross contamination,
especially DNA transfer from males to females, may result in
the detection of the sdY fragment in females but the abundance
of the sdY fragment relative to autosomal markers should
stay well below 0.5 and close to 0. The presence of non-
functional sdY pseudogenes, which can be amplified with the
target specific primers but possibly with a reduced efficiency, will
also result in shifts in the relative abundances of the sdY fragment.
Nonetheless, in the majority of cases relative abundance measures
of the sdY fragment should always be higher in phenotypic
males (see Ayllon et al., 2020). Here we achieve a relative
quantification of the sdY fragment by incorporating the target
specific primers (Quéméré et al., 2014) into the first microsatellite
multiplex assay (Supplementary Material). Genetic sexing was
then achieved by calculating peak area ratios between the sdY
fragment and the autosomal MST-591 microsatellite marker to
obtain a more quantitative measure. Under a perfect XY sex-
determining system it can be expected that peak area ratios are
0 for females and 0.5 for males. This protocol was applied to all
851 adult breeders collected in the context of this and a parallel
study (Bylemans et al., in preparation), whose phenotypic sex was
accurately determined through gamete collections, for validation
and determining optimal threshold value for assigning genetic
sexing. The validated and optimised protocol was subsequently
used for the genetic sexing of all juvenile tissue samples from the
laboratory study and field experiment.

Data Analyses
Statistical analyses were performed in R version 3.6.1 (R
Development Core Team, 2010). Individuals from the laboratory
(n = 1) and field experiment (n = 17) whose sex could not be
determined (e.g., due to a failed amplification of the MST-591RB
reference) were removed prior to analyses. Statistical significance
was evaluated using an alpha value of 0.05.

Validation of the modified genetic sexing protocol was
performed by comparing genetic sexing results based on the
presence-absence of the sdY fragment and the semi-quantitative
analyses. For each approach, the replicability was determined
based on 19 males and 13 females for which molecular analyses
were performed twice and the false assignment rates were
calculated based on all the data from the 351 males and
490 females (Bylemans et al., in preparation) returning high
quality genotyping and sexing results (i.e., percentage of missing
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loci <50% and the percentage of loci containing tri- and
tetra-allelic loci <25%). The threshold value used for genetic
sex determination using the peak area ratios was determined by
evaluating a range (i.e., from 0.1 to 0.4 with steps of 0.025) of
threshold values to minimise the false assignment rates.

Differences in the timing of sexual differentiation and growth
rates in the laboratory study were assessed using a generalised
linear regression model (glm) and a standard linear regression
model (lm), respectively. Analyses of sexual differentiation
included a total of 100 individual length measurements over
five timespoints (i.e., 1–5) (Supplementary Material) with a
binomial response variable indicating the differential status (i.e.,
one for individuals with differentiated gonads and zero for
undifferentiated gonads). Sampling timespoints, genetic sex and
the two-way interaction were included as categorical explanatory
variables. Variable significance was assessed using the Anova
function from the car package (Fox and Weisberg, 2019)
conducting Kenwood–Roger F-tests with Satterthwaite degrees
of freedom, applying a heteroscedasticity-corrected coefficient
covariance matrix [based on Long and Ervin (2000)]. Type 3
sums of squares were calculated, then type 2 were calculated to
interpret the final model if no significant effect of the interaction
was found. Length was used as a proxy for growth rates as
all sampled fish were approximately the same age. Total length
data of 349 individuals (Supplementary Material) was included
as continuous response variable with timespoints, genetic sex
and the two-way interaction as categorical explanatory variables.
Model assumptions were checked via visual inspection of
residuals and quantile-quantile plots, and a heteroscedasticity-
corrected coefficient covariance matrix was applied to correct for
heteroscedasticity. Variable significance was tested as described
above. Finally, sex-specific mortality in the laboratory study
was assessed by testing for an association between sex ratios
and sampling date, as a significant relationship would indicate
a higher rate of mortality in one of the sexes. The data used
consisted of all individual fish sampled as part of the laboratory
study (Supplementary Material). A glm model with sampling
date (converted to Julian date) as a continuous explanatory
variable was used with the genetic sex (i.e., value of zero for
females and one for males) as a binomial response variable, again
conducting Kenwood-Roger F-tests. Model analysis was carried
out with the Anova function from the car package as described
above, calculating only type 2 sums of squares.

Prior to the analyses of the field experiment, juvenile fish
representing the young-of-year (0 +) age class were selected
based on density plots of the distribution of fork lengths, with
all individuals with length less than a determined threshold
value being characterised as 0 + (Supplementary Material).
Individuals were further characterised as being hatchery- or
wild-born through parental assignments using microsatellite data
(see Supplementary Material for further details). The effects
of sex and hatchery raising on growth and mortality were
assessed using a standard linear regression model and Chi-
squared goodness of fit tests, respectively. Fork length data
from 748 individuals was modelled as a continuous response
variable, including genetic sex, rearing origin, location, all two-
way interactions and the three-way interaction as categorical

explanatory variables. Model assumptions were checked via
visual inspection of residuals and quantile-quantile plots, and
a heteroscedasticity-corrected coefficient covariance matrix was
applied to correct for heteroscedasticity. Variable significance was
assessed using the Anova function from the car package, applying
a heteroscedasticity-corrected coefficient covariance matrix. No
evidence was found for a significant effect of the three-way
interaction term so it was removed and the model was re-
analysed. Type 3 sums of squares were calculated, reverting to
type 2 to analyse the final model if no significant effect of the
interaction was found. Analyses of sex-specific mortality were
conducted testing for significant deviations from a 1:1 sex ratio
in the entire study area, in each of the three streams, and in
each of the five locations, using the chisq.test function from the
stats package. Deviations from a 1:1 sex ratio were then also
assessed within laboratory and wild populations within each of
these groups using the same function.

RESULTS

Molecular Sexing
Presence-absence analyses of the sdY fragment showed two
distinct peaks around a 166 and 177 base-pair (bp) length roughly
corresponding to the previously reported two haplotypes [i.e.,
Quéméré et al. (2014) reported two haplotypes with a length of
167 and 177 bp]. Replicability of genetic sexing results based
on the presence-absence approach was 100 and 61.5% for the
phenotypic males and females, respectively. False assignment
rates for the presence-absence approach were 0 and 42.4% for
phenotypic males and females, respectively. Of all cases testing
positive for the sdY fragment, the majority (i.e., 98.1%) showed
only a positive signal for the 177 bp haplotype. In the phenotypic
males, 2.5% of the cases showed a positive detection for the 166 bp
fragment with 1.9% showing only a signal for this haplotype and
0.5% testing positive for both haplotypes. All phenotypic females
testing positive for the 166 bp haplotype (i.e., 0.9% of cases) did
not show a signal at a 177 bp length. For the modified protocol,
an initial evaluation of a range of threshold values (i.e., from
0.1 to 0.4) for the peak area ratio revealed that an intermediate
value of 0.25 (i.e., between the 0 and 0.5 values expected for
females and males, respectively) reduced the false assignment rate
to 0 and 0.2% for the phenotypic males and females, respectively
(Supplementary Material). Finally, replicability of the genetic
sexing using the semi-quantitative approach was 100% for both
phenotypic sexes.

Laboratory Study
Histological analysis showed that females started sex
differentiation earlier than males (Table 2A). This was
evident at timespoints 1, while from timespoints 2 on both
sexes showed similar and high rates of sex differentiation that
gradually increased to 100% at timespoints 4 (220 days post-
hatching) (Figure 2). There was no significant sex difference
in growth during this period of sex differentiation (Table 2A
and Supplementary Figure 3). Despite some non-explained
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TABLE 2 | Summary table of the statistical analyses for both the laboratory and
field experiments, conducting analysis of variance on linear regression models.

Response variable Predictor variable DF F p

(A) Laboratory study

Differentiated Timespoints 4 10.8 <0.001

Sex 1 5.5 0.021

Timespoints × Sex 4 2.0 0.10

Length Timespoints 9 173 <0.001

Sex 1 0.0 0.87

Timespoints × Sex 9 0.4 0.9

(B) Field experiment

Length Sex 1 0.5 0.47

Rearing origin 1 0.3 0.59

Location 4 72.4 <0.001

Sex × Rearing origin 1 8.4 0.004

Sex × Location 4 4.6 0.001

Rearing origin × Location 4 7.5 <0.001

Timespoints = sampling timespoints, Sex = genetic sex, Rearing origin = whether a
fish was born in the hatchery or the wild, Location = in which section (upper/lower)
of which stream a fish was caught. For each combination of response and predictor
variables the degree of freedoms (DF), the F statistic (F) and the p-value (p) are
given. Significant p-values are highlighted in bold.

mortality in the laboratory population, sex ratio did not change
over time (F = 1.7, d.f. = 1, p = 0.20).

Field Experiment
A total of 4,906 juvenile fish were sampled from the Schnittlauch,
Schwarzbach, and Talbach streams. Of these 4,367 were assessed
as being 0 + fish based on length thresholds as detailed above.
A total of 762 0 + fish could be categorised as hatchery- or wild-
born of which 748 fish could be genetically sexed (Table 1).

As expected, the samples differed in average length (see factor
“location” in Table 2B that also includes effects of the timing
of sampling). Overall, there seemed to be no effects of sex or
rearing origin on growth (main effects in Table 2B). Importantly,

however, the sexes grew differently depending on whether they
were hatchery-born or wild born (interaction sex× rearing origin
in Table 2B). Hatchery-born males were on average larger than
hatchery-born females, while wild-born females were on average
slightly larger than wild-born males (Figure 3A).

Sexes also grew differently in the different locations
(interaction sex × location in Table 2B). Females tended to
be larger than males in the Schnittlauch sample, while males
tended to the larger than females in the Schwarzbach and Talbach
samples (Figure 3B). And while hatchery-born fish grew larger
in the Talbach and upper Schwarzbach, wild-born ones were
larger in the lower Schwarzbach and the Schnittlauch (Table 2B
and Figure 3C). See Supplementary Material for the respective
pairwise comparisons.

There seemed to be no sex-biassed mortality in the
total studied area, in each stream, or in each location (no
significant deviations from a 1:1 ratio). There was also no
significant sex-biassed mortality in either hatchery- or wild-
born fish. All relevant pairwise comparisons are given in the
Supplementary Material.

DISCUSSION

We modified an existing protocol to improve the accuracy of
genetic sexing and used it to test for sex-specific life histories
in early life stages of brown trout. We found that females start
sex differentiation on average earlier than males, as previously
observed in grayling, another salmonid (Maitre et al., 2017).
However, the period of sex differences in differentiation seemed
much shorter in brown trout than what was observed in grayling.
Moreover, while Maitre et al. (2017) found that males grew larger
than females during these juvenile stages, suggesting a trade-
off between the investment into gonad formation and growth,
we found no such sex-specific differences under laboratory
conditions. This was different from what we observed in the
field: Females were on average larger than males in two locations

FIGURE 2 | Timing of sex differentiation in males (black) and females (grey). The sample sizes are given at the bottom. See Table 2A for statistics.

Frontiers in Ecology and Evolution | www.frontiersin.org 7 May 2022 | Volume 10 | Article 869925

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-10-869925 April 26, 2022 Time: 11:56 # 8

Palejowski et al. Sex Effects in Salmo trutta

FIGURE 3 | Boxplots showing the effects of the interactions between (A) genetic sex and rearing origin, (B) genetic sex and location, and (C) rearing origin and
location on length in fish in the field experiment. See Table 2B for statistics.

that were sampled first, while males were larger than females
in the three locations that were sampled last. It remains to be
shown whether these sex differences reveal effects of time or
effects of environmental differences between the locations. The
location-specific sex differences in growth seemed to not be
dependent on whether fish were hatchery-born or wild-born (the
corresponding three-way interaction was not significant). We
conclude that there are sex-specific life histories in juvenile brown
trout that affect the timing of sex differentiation and also growth.

The rate of hatchery-born fish varied between the different
locations, ranging from 9.2 to 71.8%. These rates of success may
reveal location-specific mortalities of hatchery-born fish, but if
so, the mortalities did not seem to be sex-specific as sex ratios
remained about equal in all locations (including the laboratory

population). We found that hatchery-born 0+ trout were smaller
than wild-born ones in the two locations that were sampled first,
and tended to be larger than wild-born ones in the locations
that were sampled later. Moreover, wild-born females grew on
average slightly larger than wild-born males while in hatchery-
born trout females grew less than males (even if Figure 3A
suggests only a marginal effect, the model that takes all effects
into account revealed a significant interaction between offspring
sex and rearing origin (p = 0.004). We conclude that the origin of
fish (hatchery or wild) affects growth and sex-specific life histories
in brown trout. It is therefore likely that growth finally depends
on the interplay between origin, sex, and location, and that we
missed the corresponding three-way interaction due to a of lack
of statistical power. The nature of potential environmental effects
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on sex-specific life histories will require data from more diverse
sampling sites that differ, for example, in temperature, river slope,
or riparian land use.

In salmonids, female length is tightly linked to fecundity
(Lobon-Cervia et al., 1997; Einum and Fleming, 1999; Olsen
and Vøllestad, 2003; Gregersen et al., 2009) and sometimes
to offspring fitness (Hutchings, 1991; Ojanguren et al., 1996).
Furthermore, early life female growth rates have been reported to
influence reproduction in brown trout populations, with slower
growing females generally delaying maturation and producing
smaller clutches with overall larger eggs (Lobon-Cervia et al.,
1997; Olsen and Vøllestad, 2003) that affect the life history
of the offspring (Taborsky, 2006; Burton et al., 2013; Carim
et al., 2017) and may eventually influence population viability
(Carim et al., 2017). Our field experiment demonstrates that
stocking can affect female growth relative to male growth.
Reduced early growth rates in hatchery-born females may thus
reveal different life history strategies compared to their wild
conspecifics (e.g., mature later and produce smaller clutches
with overall larger eggs). The overall effects of these observation
on the viability of the studied brown trout population need to
be better understood. We conclude that sex can be a factor
that affects the impacts of restocking and stock-enhancement
programmes (e.g., affects female life history and hence fecundity
per age class).

Higher growth rates have often been reported in juvenile
males relative to females of various salmonid fishes (Yamamoto,
2004; Mizzau et al., 2013; Maitre et al., 2017), and wild-born fish
often differ in growth rates to hatchery-born fish (Einum and
Fleming, 2001; Skov et al., 2012; Wilkins and Marsden, 2021).
We found that such sex and origin effects are not a general rule
but are context dependent in the case of brown trout. In our
study, the context was defined by the location and the origin of
fish. It is also possible that what we observed is partly the result
of stocking-induced evolution, i.e., the long stock-enhancement
history (several decades) of the study population could have
caused evolutionary shifts in early growth rates.

Maitre et al. (2017) proposed that sex-specific life histories
in early life-stage European grayling could be strong enough
to result in sex-biassed mortality and may explain the
highly male-biassed sex ratio seen in a pre-Alpine population
of European grayling (Wedekind et al., 2013). The water
temperature that juveniles are exposed to during their first
summer best explained these unequal sex ratio (Wedekind
et al., 2013). Because temperature effects on sex determination
could be excluded (Pompini et al., 2013; Maitre et al.,
2017), sex-specific sensitivity to temperature-related stress,
and subsequent sex-biassed mortality, caused by sex-specific
life history strategies has been proposed to be a likely
cause for male-biassed sex ratios in this population and its
subsequent decline. Similar drivers may potentially explain the
comparable declines in other salmonid populations such as
brown trout (Burkhardt-Holm et al., 2002). However, no sex-
biassed mortality was observed in either the laboratory and or
different streamlets we studied.

Restocking and stock enhancement is a taxonomically and
geographically widespread. For conservation purposes, stocking

is frequently done at larval or early juvenile stages (Halverson,
2008; Hunt and Jones, 2018), and a growing body of work
provides evidence for sex-specific life histories in salmonid larvae
and juveniles. We demonstrated that this is also true in the
case in brown trout, with females starting sex differentiation
earlier than males when raised under laboratory conditions. It is
therefore possible that stocking affects sex-specific life histories
in this species. We found that growth in the field was indeed
sex-specific and depended on further factors that remain to be
identified. One contributing factor that we identified here is
whether fish were hatchery- or wild-born. We therefore conclude
that stocking affects sex-specific life histories. This is a further
aspect that needs to be considered when discussing the potential
impacts of stocking on population viability and of hatchery-
induced evolution.
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